Recombinant adenoviral mediated delivery of suicide and cytokine genes has been investigated as a treatment for hepatic metastases of colon carcinoma in mice. Liver tumors were established by intrahepatic implantation of a poorly immunogenic colon carcinoma cell line (MCA-26), which is syngeneic in BALB/c mice. Intratumoral transfer of the herpes simplex virus type 1 thymidine kinase (HSV-tk) and the murine interleukin (mIL)-2 genes resulted in substantial hepatic tumor regression, induced an effective systemic antitumoral immunity in the host and prolonged the median survival time of the treated animals from 22 to 35 days. The antitumoral immunity declined gradually, which led to tumor recurrence over time. A recombinant adenovirus expressing the mIL-12 gene was constructed and tested in the MCA-26 tumor model. Intratumoral administration of this cytokine vector alone increased significantly survival time of the animals with 25% of the treated animals still living over 70 days. These data indicate that local expression ofIL-12 may also be an attractive treatment strategy for metastatic colon carcinoma.
Metastatic colon carcinoma is the second leading cause of death from malignancy in the United States. Eighty percent of the patients who die of colon cancer have metastases in the liver (1) . Once hepatic metastases occur, surgery and chemotherapy are the only currently available treatment modalities, and the mean survival time is only 37 months (2) . Therefore, the development of alternative treatments for metastases of colon cancer is needed to improve the clinical outcome of patients.
Cancer immunotherapy is an approach that has been widely investigated in different types of tumor, the goal. of which is to stimulate host immune response against the cancer cells. Because of its well established immunomodulating activities in stimulating the growth and the activation of T cells as well as natural killer (NK) cells, recombinant interleukin (IL)-2 was first tested in patients for this purpose. A severe limitation of such treatment in patients is the toxicity associated with high doses of systemic recombinant IL-2 administration. Cytokine secretion in the vicinity of the tumor can potentially minimize the toxicity associated with systemic cytokine administration, which could be achieved by the transfer and expression of various cytokine genes directly in the tumor cells (3) .
In the ex vivo gene therapy or "cancer vaccine" approach, cancer cells are isolated from patients, transduced with various gene vectors and expanded in vitro. After irradiation, the cells are transplanted autologously to enhance the patient's immune response against the tumor. This strategy is not only laborious, but the treatment is also individualized as cancer cells need to be cultured and expanded from each patient for therapeutic purposes. A more attractive strategy is to deliver the cytokine genes in vivo. The retroviral vector is commonly used for the ex vivo approach, but its low titer limits its application by in vivo delivery. The recombinant adenoviral vector is characterized by high titers and is capable of efficient gene transfer into a variety of cell types in vivo. The use of recombinant adenoviral vectors in immunotherapy of metastatic colon carcinoma is reported.
MATERIALS AND METHODS
Cell Culture. MCA-26 cells, a chemically induced colon carcinoma line derived from BALB/c mouse (4), was grown and maintained in high glucose MEM/HAMF12. The 293 cells (adenoviral El-transformed human embryonic kidney) (5) were maintained in DMEM. All cell lines were supplemented with 10% fetal calf serum (GIBCO), 2 mM glutamine, 100 unit/ml penicillin, and 100 mg/ml streptomycin.
Recombinant Adenoviral Vectors. Construction of replication-defective adenoviral vectors containing the tk and murine (m)IL-2 gene under the transcriptional control of the Rous sarcoma virus long terminal repeat (ADV/tk and ADV/mIL-2) has been reported previously. A replicationdefective adenoviral vector containing the mIL-12 cDNA under the transcriptional control of the Rous sarcoma virus long terminal repeat promoter (ADV/mIL-12) was constructed and plaque purified as followed. The cDNA from both mIL-12 subunits were cloned by RT-PCR from total RNA obtained from pockweed mitogen stimulated mouse splenocytes. To ensure correct nucleotide sequence, the entire cDNA was subsequently sequenced. The two cDNA were then linked to the encephalomyocarditis virus internal ribosome entry site that was obtained from the pCITE-1 vector (Novagen). The fragment p40-internal ribosome entry site-p35 was inserted into the El deleted adenovirus backbone pAd.l/Rous sarcoma virus (6) . The recombinant adenovirus, ADV/mIL-12, was generated by cotransfection with pBHG10 (7) (10) . The monophosphate form is subsequently converted into the di-and triphosphate forms by cellular kinases. The triphosphate is the toxic form of the nucleosidic analog, as it can be incorporated into elongating DNA in the dividing cells that results in cell death (11) (12) (13) . This suicide gene therapy strategy for the treatment of hepatic metastases of colon cancer was investigated in rodent models.
The regression of pre-established liver metastases after intratumoral injection of retrovirus-producer cells expressing HSV-tk followed by ganciclovir treatment has been reported (14) . Infection of cancer cells after intratumoral injection of retroviral supernatant is low (15) , although the grafting of virus producer-cells led to the transduction of up to 10% of the cells inside the tumor (14) (15) (16) (17) (18) (19) (20) . In a mouse liver metastasis model of colon carcinoma, better than 80% of tumor regression was achieved after the suicide gene treatment (18) . However, such extensive tumor destruction was not sufficient to yield significant survival benefit as compared with control vector treated mice (Fig. 1) . Relapse of the hepatic tumors or the presence of disseminated metastases in other organs accounted for this lack of extended survival.
Combination Suicide and IL-2 Gene Therapy for Hepatic Metastases of Colon Carcinoma. Adenoviral mediated gene transfer of mIL-2 into, the tumor was synergistical with HSV-tk and induced a systemic antitumor immunity that resulted in the further regression of the hepatic tumor as well as protection against distant site challenges of parental tumor cells (18) . The antitumor immunity was attributed partly to the activation and proliferation of tumor specific CD8+ cytotoxic T lymphocytes.
Animals treated with ADV/tk and ADV/mIL-2 lived significantly longer than those treated with ADV/tk or ADV/mIL-2 alone (Fig. 1) . The control animals died between day 15 and day 30, while 60% of the animals were still alive at day 35 after combination treatment. The mean survival time has been increased from 22 days in the control-treated animals to 35 days in animals treated with both the HSV-tk and the mIL-2 vectors, and the results are statistically significant (P < 0.03). In this model, ADV/mIL-2 treatment alone did not improve the long-term survival of the animal, as it did not cause regression of the hepatic tumors (10) . After combination gene treatment, the antitumor immunity in the animals waned gradually over time (Fig. 2) , resulting in the death of the animals due to tumor recurrence in the liver and at distant sites. The antitumoral effect in the animals after combination treatment was mediated by a CTL response that could no longer be detected at day 38 (Fig. 2) . To achieve long-term 0) (1) C, protection against tumor recurrence and metastases, it is imperative for the protective immunity to be maintained. Therefore, identification of other cytokines that can enhance and prolong antitumor immunity is critically important to improve the efficacy of this therapeutic approach.
IL-12 Mediated Gene Therapy of Metastatic Colon Carcinoma. IL-12 is known to enhance the cytolytic activity of a number of immune effector cells including NK cells, lymphokine-activated killer cells, T cells and macrophages (21) (22) (23) (24) . It also stimulates the proliferation of activated NK and T cells (21, 23, 25) . IL-12 is mainly produced by antigen-presenting cells (26) such as monocytes and macrophages, B cells, and dendritic cells (27) and it promotes cellular immune response by facilitating the proliferation and activation of TH1 cells (28) . The antitumor activity of IL-12 is mainly mediated by IFN-,y produced by T cells and NK cells (29) (30) (31) and it has also been shown to inhibit angiogenesis through the IFN-inducible protein 10 (32,33) . IL-12 is a heterodimeric 70-kDa (p70) cytokine composed of two subunits of 40 kDa (p40) and 35 kDa (p35), and the association of both subunits is required for full biologic activity of the cytokine. To coexpress the two subunits in the same adenoviral vector, the two cDNAs were linked by the internal ribosome entry site element of the encephalomyocarditis virus and inserted into the El region of the adenoviral vector. Recombinant adenovirus was generated by the cotransfection into 293 cells with the plasmid harboring the bicistronic mIL-12 gene and pBHG10 (7) , and individual plaques were expanded in 293 cells (8) . To demonstrate the functionality of ADV/mIL-12, the colon cancer cell line MCA-26 was transduced at different m.o.i., and the supernatants were incubated with splenocytes from naive BALB/c mice to induce the release of IFN-,y. As shown by ELISA (Fig. 3) , a strong IFN-y production by the transduced cells was observed after ADV/ mIL-12 transduction, and the concentrations ranged from 7. harvested for macroscopic and microscopic analysis (Fig. 4) . The mean tumor volume in the control group was 910 ± 134 mm3 (mean + SD). In the mIL-12 vector treated group, the mean tumor volume was substantially reduced to 205 ± 107 mm3 (mean + SD). Upon histopathological examinations, the animals that were treated with ADV/DL312 had large nodules of actively growing undifferentiated carcinoma cells (Fig. SA) . Very few or no cancer cells remained in the animals treated with ADV/mIL-12 (Fig. SB) . The tumors were replaced by fibrosis associated with a strong inflammatory response. The infiltrating cells appeared to be predominantly lymphocytes with some macrophages and neutrophils.
To assess the treatment outcome, animals treated with ADV/mIL-12 were studied for their long-term survival ( regression has been observed after ganciclovir treatment. However, the animals did not live significantly longer due to the recurrence of hepatic tumors or disseminated metastases in other organs. Addition of the ADV/mIL-2 vector in the treatment protocol induced an effective systemic antitumoral immunity in the host that significantly prolonged the survival of the tumor-bearing animals. This antitumoral immunity waned with time and eventually led to tumor recurrence and animal death. IL-12, a cytokine mainly produced by antigenpresenting cells, has shown powerful antitumoral activity against various tumors in subcutaneous models (24, 26, (36) (37) (38) (39) . Renal adenocarcinoma (RENCA), melanoma (B16), reticulum cell sarcoma (M5076), sarcoma (MCA-105 and MCA-207), and Lewis lung carcinoma and colon carcinoma (MC-38 and CC-26) respond to recombinant IL-12 administration, leading to long-term animal survival in some cases. Several clinical trials for cancer treatment have already been started, and preliminary results in one trial showed severe toxicity: 15 out of 17 patients experienced serious adverse events affecting multiple organ systems (gastrointestinal tract bleeding, asthenia, and hepatotoxicity), and two patients died (37) . In vivo gene therapy is one strategy to avoid the toxicity associated with systemic delivery of recombinant IL-12. Intratumoral injection of ADV/mIL-12 can lead to cytokine expression in the vicinity of the tumor and enhance the antitumoral immunity in the host.
We constructed a recombinant adenoviral vector in which mIL-12 was cloned in the El deleted region. The cDNA from the two subunits, linked with an internal ribosome entry site, was efficiently transcribed from the Rous sarcoma virus promoter and produced bioactive mIL-12. Intratumoral injection of ADV/mIL-12 alone yielded substantial or complete hepatic tumor regression of the poorly immunogenic MCA-26 colon carcinoma. This treatment was able to significantly prolong the survival of tumor-bearing animals, with 25% of the treated mice still living after 70 days. This tumoricidal effect appeared to be even more potent than the combination treatment with ADV/tk and ADV/mIL-2.
NK cells are an important type of effector cells that are presumed to play a role in the surveillance of cancer and in the control of metastases. Mouse liver contains a large proportion of NK cells that can be potent cytotoxic effector cells against tumors after stimulation with mIL-12 (38, 39) . These cells can lyse NK-sensitive and NK-resistant tumor targets as shown by in vitro cytotoxicity assay (38, 39) . After intraperitoneal injection of an adenovirus expressing mIL-12, Bramson et al. (40) detected some NK activity in the splenocyte and in the lung effector cell population against the NK-sensitive cell line YAC-1 at day 2 after adenoviral injection. These cells act for a short period of time, and they are subsequently replaced by tumor-specific CTL (41) . IL-12 is a strong activator of both NK and CTL, which could be contributing factors to the tumoricidal activities in our model.
One way to increase the CTL activity, which we are currently investigating, is to combine the ADV/mIL-12 treatment with ADV/mIL-2 and ADV/tk. Indeed, several other groups have reported the synergistic effect of IL-12 and IL-2 to generate cytotoxic activity in T cells and in NK cells (42) (43) (44) (45) . This additional treatment can potentially enhance the antitumoral efficacy of IL-12 and induce a long-lasting systemic antitumoral immunity. The results obtained with a poorly immunogenic tumor are encouraging for the further development of in vivo gene therapy as a treatment modality for metastases from colon cancer in humans.
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